• Interpopulation variation in key functional traits of Pinus pinaster Ait. is well recognized. However, the relative importance of drought tolerance to explain this regional variation in the species remains elusive.
INTRODUCTION
Interspecific variation in key functional traits along environmental gradients can explain adaptive patterns related to tolerance to limiting resources such as light and water (e.g. Barton, 1993; Shugart, 1984) . This is also expected to occur at an intraspecific level which would explain patterns of adaptive variation among different populations along the geographic range of the species. Thus, characterization of that variation within forest tree species is important to understand the interplay and significance of evolutionary forces and to carry out appropriate and genetically sound breeding programs (White et al., 2007) .
Water availability is one of the most important limiting resources for recruitment of Mediterranean forest tree species and shrubs (Pigott and Pigott, 1993) . Consequently, adaptive mechanisms involved in drought tolerance are expected to underlie the distribution of populations along natural gradients of water availability. Since the limiting nature of water availability is predicted to be exacerbated in this area due to Climate Change (IPCC, 2007) , understanding the role of such drought tolerance mechanisms on the evolutionary process and regional differentiation of populations constitutes a central goal in Forest Science.
A number of morphological traits and patterns of biomass allocation have been described as potential mechanisms conferring drought tolerance. For example high investment to roots and low investment to needles are predicted to confer drought tolerance by maximizing water capture and minimizing water losses through transpiration (Ludlow, 1989) . In agreement with this idea, several studies on pines, have found high root investment (Cregg and Zhang, 2001; Nguyen and Lamant, 1989) and low specific leaf area (Fernández et al., 1999) in populations from dry sites. However, this pattern might not be general since the relationships among traits linked to drought tolerance might change depending on the species (Zhang et al., 1996) . For water use efficiency (WUE), a well studied trait related to plant water economy, contrasting results have been found. For example, WUE has been reported to be positively correlated to the aridity of the native habitat (e.g. Anderson et al., 1996) . However, the reverse pattern has also been found (e.g Nguyen-Queyrens et al., 1998; Zhang et al., 1997) . This might be reflecting constraints and trade-offs that arise when multiple interacting factors co-occur. For example, high WUE could enhance productivity and survival of plants in dry environments (Jones, 1993 ) but a water-spending strategy could be more adaptive when competition pressure is taken into account (Cohen, 1970) .
Pinus pinaster Ait. is a wind-pollinated outcrossing conifer distributed along the Mediterranean basin with important but fragmented populations all over the western range. Geographic variation in molecular markers and quantitative traits has been previously described for this species (González-Martínez et al., 2002; Guyon and Kremer, 1982) in agreement with the different ecological conditions where populations of P. pinaster are found. Six main gene pools have been described for the species (Bucci et al., 2007) : Continental France, Corsica, Northwestern and Central Spain, Southern Spain, Morocco and Tunisia. Although contrasting water availability is assumed to occur along the populations of these six major groups, studies assessing intraspecific variation in morphology and biomass allocation patterns as potential mechanism involved in drought tolerance differentiation in this species are scant. Besides, to our knowledge, there is no study assessing whether that intraspecific variation is linked to drought tolerance in terms of seedlings' whole plant performance. A drought tolerant phenotype can be particularly important for seedlings since their small root development makes them very vulnerable to drought. In fact, the seedling stage is a critical part of the tree's life cycle because seedlings have great susceptibility to resource limitations that affect establishment and growth (Leck et al., 2008) .
In this study, we investigated the intraspecific variability in whole plant performance, biomass allocation and selected morphological traits in seedlings of P. pinaster submitted to two experimental watering treatments. Three main hypotheses were tested: (1) intraspecific differences in selected functional traits exist in the studied populations of P. pinaster at the seedling stage; (2) drought tolerance and phenotypic plasticity to water availability explain intraspecific variation in the studied functional traits; (3) regional variation in aridity correlates to intraspecific variation in functional traits linked to drought tolerance.
MATERIALS AND METHODS

Plant material
Ten autochthonous populations of P. pinaster were selected along a latitudinal cline (see Tab. I for details): seven Spanish populations (ARMY, ASPE, CDVO, COCA, ORIA, PTOV, SCRI), two French population (MIMI and PLEU) and one Moroccan population (TAMR). Within each population, seeds were collected from five mother trees with a separation distance of more than 50 m among them to avoid inbreeding. Thus, fifty open-pollinated families were available for the experiment. Some of the selected populations have previously been tested in field provenance trials, although not at the juvenile stage (Alía et al., 1995) .
Experimental conditions
The experiment was conducted in a greenhouse under natural light, controlled temperature and vapour pressure deficit (1.0 kPa) with a proper mixing of the air around seedlings. The greenhouse was located in SERIDA (Asturias, Spain) at 43
• 23 N 6
• 4 W at 60 m a.s.l. Seeds were sown in 400 cm 3 pots with a mixture of vermiculite and grade 3 peat (20:80 v:v peat "VP BOW", fertilized with NPK 15:8:12, at 1.5 kg m 3 ) on 12 April 2004. After germination, five hundred seedlings accounting for 5 replicates per family and watering regime in each population were arranged in a complete random block design, with ten blocks. Each block contained one replicate for each family. Seedlings of different families and populations were randomized within the block. After a growing period of 104 d (watering to full capacity, 20
• C and 90% of RH) seedlings had an average height of 25.54 ± 0.04 (mean ± standard error, mm) and a root collar diameter of 1.22 ± 0.01 (mean ± standard error, mm). At that time, five blocks were submitted to either a well watered regime (WW) or a water deficit regime (WD) for 96 days. The two watering regimes were based on the saturation level of the substrate: in WW the substrate was kept at 90-100% of the mean saturation level, and in WS the substrate was kept at 40% of the mean saturation level. The amount of water supplied daily was determined by weighting ten individuals randomly chosen from each watering regime × population combination. The following macro and micronutrients (mg plant 
Measured variables
Seedling height (length of the main stem; accuracy 5 mm) and root collar diameter (measured with a calliper; accuracy 0.01 mm) for each individual were recorded three times during the experiment: t 1 = 1, t 2 = 51 and t 3 = 96 d after the watering treatment period. Relative height growth rate (RhGR) and relative diameter growth rate (RdGR) were estimated for each seedling in three intervals during the experiment (t 1 −t 2 , t 2 −t 3 and t 1 −t 3 ) to account for temporal variations in above ground architecture among families and populations. RhGR and RdGR were calculated as (ln G i -ln G j )/(t i − t j ), G i and G j being the height or root collar diameter in time i and j (t i and t j respectively, with i > j).
At the end of the experiment (200 d after sowing), the number of lateral stems (secondary stems grown from axillary buds of the main stem) were recorder and all the seedlings were harvested and fractioned into needles, dwarf shoots, stems and roots. Dry mass of each fraction, was determined after oven-drying for 2 d at 70
• C. Substrate fresh and dry weights were determined similarly at this point. The following variables were derived: number of lateral stems, substrate relative water content (sRWC, [substrate fresh weight -substrate dry weight]/substrate dry weight), total dry mass (g), root-shoot ratio (g g −1 ), needle mass fraction (NMF, g g −1 ), root mass fraction (RMF, g g −1 ), stem mass fraction (SMF, g g −1 ). Seedlings' roots were not pot-bound which indicates that pot size did not limit root development throughout the experiment.
Statistical analyses
The following model was established for all the variables:
where; y i jkmn is the value of the variable for the nth-seedling from the kth-family within jth-population, located in the mth-block in the ithtreatment, μ is overall mean, c i jkmn is the effect of a covariate (seedling height at the beginning of the watering treatment), t i is the effect of the ith-treatment (WW or WS, 1-2), p j is the effect of the jth-population (1-10), φ k( j) is the effect of the kth-family within the jth-population (1-5), β m is the effect of the mth-block (1-5) and ε i jklmn is the experimental error. The interaction terms tp i j and tφ ik( j) were also included in the model. A significant watering treatment by population interaction for a particular variable would indicate significant differences in the phenotypic plasticity between populations (Schlichting, 1986) for that variable.
The model was analyzed as a general linear model (GLM) with fixed (block, watering treatment, population) and random (family) effects. Shapiro-Wilk's W and Levene's tests were used to test for normality and homogeneity of variances respectively. Log-transformed variables were used when necessary to meet the assumptions of normality and homocedasticity required for the analysis of the model. Heritability (narrow sense) over populations, h 2 , was calculated for each variable after removing the population component from each family:
where V P is the phenotypic variance, V A is the additive variance, V fam is the family variance, and V e is the error variance. The standard error of heritability was calculated following the classical approach from Osborne and Paterson (Visscher, 1998) :
where s is the number of offspring per family and f the number of families. Genetic differentiation among populations for quantitative characters, Q S T , was calculated using the following expression:
where V pop is the population variance. A principal components analysis (PCA) was performed for the subset of data under water deficit in order to identify potential homogeneous groups among populations in allocation and growth traits under limiting water. Only those variables with significant population effect were included in this analysis. A varimax rotation was done to maximize the variation of factor loadings and help the interpretation of the factors.
Finally, given that RMF was the trait that contributed the most to the first Principal Component (see Results), we analysed its correlation (Spearman rank correlation) to key environmental indicators potentially linked to gradients in water availability. An aridity index, latitude and altitude were the selected indicators. The aridity index was derived from Bagnouls-Gaussen index (Bagnouls and Gaussen, 1953) and was calculated as:
where i stands for month (January = 1. . . , December = 12), T i stands for mean temperature ( • C) in month i and P i stands for mean precipitation (mm) in month i. Climatic data for the Spanish populations were obtained from a regional climate model which has been proven to provide good estimates for these region (Gonzalo, 2008 
RESULTS
Effects of the factors
The block effect was not significant (GLM, P < 0.05) across all the studied variables. Thus, the block factor was removed from the models for parsimony. Substrate gravimetric water content at the end of the experiment significantly differed between watering treatments (WW: 58.05 ± 1.05; WD: 43.15 ± 0.91, mean and standard error respectively) and no interaction between watering treatment and population was found for this variable (GLM, F = 1.34, p = 0.235), indicating the effect of the watering treatment was the same among populations.
The effect of watering regime was significant for all the studied variables except number of lateral stems, and RMF (Tab. II). Water deficit decreased total dry mass, RhGR, RdGR, SMF, and number of dwarf shoots while increased NMF.
The population effect was significant for all the variables except total dry mass, RdGR (Jul-Sept), and RdGR (Jul-Oct). The population ranking for RhGR and RdGR did not change across intervals. Specific differences among populations are shown in Figure 1 for RhGR and RdGR, in Figure 2 for biomass partitioning and in Figure 3 for number of lateral stems and dwarf shoots.
The effect of the family nested in population was significant for total dry mass, and marginally significant for RdGR (Jul-Oct), RhGR (Sep-Oct) and SMF (Tab. II). The effect of the covariate initial height was significant for all the studied 505p4 Water and regional variation in P. pinaster Ann. For. Sci. 67 (2010) 505 Figure 3 . Number of lateral stems (A) and dwarf shoots (B) for a fixed initial height of 25 mm. Graph A represents the number of lateral stems for each population regardless of the watering regime since the effect of this factor was not significant on the number of lateral stems. Graph B represents the number of dwarf shoots for each population × water regime (well-watered, WW and water deficit, WD). Error bars denote 95% confidence intervals. Letter codes denote homogeneous groups (GLM, Tukey-HSD test, p < 0.05) among populations.
variables but RdGR (Jul-Sept) and RdGR (Jul-Oct). The interaction terms of the model were not significant for any of the studied variables (Tab. II).
Significant heritability values (mean ± se provided) were obtained for total dry mass (0.69 ± 0.18), RhGR (Sept-Oct, 0.59±0.17) and SMF (0.32±0.13). Quantitative differentiation among populations (Q S T values) was very low for total dry mass and RhGR (Q S T = 0.0 and 0.06 respectively), but it was high for SMF (0.43).
PCA results and rank correlations
The first two principal components (eigenvalue > 1) explained up to 57.54% of the total variance of the data under water deficit. The first component (PC1) explained 38.37% of the total variance. This component was positively correlated to NMF and negatively correlated to RMF. RMF was the variable that contributed the most to PC1 (Tab. III). The second component (PC2) explained 19.17% of the total variance. This component was positively correlated to RdGR and RhGR but negatively correlated to the number of dwarf shoots (refer to Tab. III to see the contribution of each variable to the principal components).
PC1 and PC2 clustered the ten populations into four main groups (Fig. 4) . According to PC1, the group constituted by TAMR was defined by high allocation to roots, low allocation to stem and low potential of height and diameter growth. Another group constituted by CDVO, PTOV, ARMY and SCRI were defined by the opposite pattern: high allocation to stem, high potential of height and diameter growth and low allocation to roots. MIMI, COCA, ASPE, PLEU and ORIA showed intermediate values for these traits. However, MIMI and COCA had higher allocation to needles, lower allocation to roots and lower potential of growth than ASPE, PLEU and ORIA. RMF significantly and positively correlated to altitude (Spearman-R = 0.66, p < 0.04) but it did not to either latitude or aridity (Spearman-R = −0.55 and 0.47 respectively).
DISCUSSION
Intraspecific variation
Inter-and intrapopulation variation was found in one-year old seedlings of Pinus pinaster Ait. with respect to height and diameter growth, aboveground structure (branching and presence of dwarf shoots) and biomass allocation patterns at the whole plant level (RMF, SMF and NMF). The low heritability found in biomass allocation suggests that biomass allocation has experienced an adaptive differentiation process in response to the local climatic conditions of each population. Moreover, the fact that most of the studied variables varied among populations denotes a significant geographic pattern of genetic variation for this species in agreement with previous studies (e.g. Alía et al., 1997; Danjon, 1994) . However, whether this variation correlates to geographic gradients linked to water availability remains unknown, particularly for biomass allocation, a key functional trait involved in carbon balance at the whole plant level (Poorter, 2001) and in the competitive ability of the species along resource gradients (Aerts et al., 1991) . Water availability has been found to influence biomass allocation (Chapin, 1980) . In particular, different allocation patterns might be predicted along a water availability gradient as an adaptive mechanism that allows maximizing carbon gain and minimizing water losses. According to biomass allocation and growth, the studied populations could be clustered in four separated groups. One group (including only the Moroccan population) had high investment to roots and low investment to needles (transpiring organs) which conforms to a drought tolerant phenotype as it would allow both maximize water capture and minimize water losses (Ludlow, 1989) . Another group (clustering the four populations from the north of the Iberian Peninsula) conformed to a drought intolerant but fast growing phenotype with the opposite pattern. The remaining two groups (clustering populations from France and Central Spain) exhibited intermediate phenotypes in terms of potential of growth and root allocation. Although these range of phenotypes might conform well to an adaptive mechanism involved in maximizing plant performance along a water availability gradient, our results point out that the observed phenotypic variation is better explained by altitude than by aridity. Similarly, in a close study, it was found that the water use efficiency shown by TAMR was related to the altitudinal position of this population and not to drought tolerance (Aranda et al., 2009 ).
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Water and regional variation in P. pinaster Ann. For. Sci. 67 (2010) 505 There are many other factors apart from water availability such as irradiance (Popma and Bongers, 1988) , nutrients (Müller et al., 2000) and temperature (Wilson, 1988 ) that can also influence biomass allocation and accumulation, and all of them are expected to vary with altitude (Körner, 2003) . Despite altitude as a whole has been reported to influence the regional variation in selected traits of P. pinaster (Alía et al., 1997; Wahid et al., 2006) and other species (Cordell et al., 1998; Sáenz-Romero et al., 2006) , further research is needed to unveil which specific correlate of altitude is the main and direct driver of this pattern.
Impact of water deficit on the studied traits: intraspecific differences
Water deficit impacted on most of the studied traits. Its impact on total dry mass and on height and diameter growth translated into lower performance in comparison to seedlings grown in well watered conditions. The number of dwarf shoots was also reduced by drought. The occurrence of dwarf shoots in pine seedlings is a sign of maturity which can be used to evaluate the ontogenetic stage of the seedling (Chambel et al., 2007) . Thus, the results from both seedlings' growth and number of dwarf shoots, taken together, suggest that water deficit reduces carbon gain and slows down ontogenetic development in this, like in many other species.
The impact of drought on biomass allocation was very mild in comparison to the rest of variables studied. In fact, drought exerted changes in biomass allocation only within the aboveground compartment but not in root investment (belowground compartment). According to the optimal foraging theory, a plant should adjust its physiology and morphology in order to be equally limited by all essential resources (Tilman, 1988) . Consequently, biomass allocation to roots rather than to shoot might be the expected response to drought (Bloom et al., 1985) . However, more recently it has been hypothesized that the impacts of drought on shoot growth and photosynthesis might counterbalance this shift resulting in modest changes in root investment under drought (Poorter and Nagel, 2000) . The same idea is supported by another study (Sánchez-Gómez et al., 2008) where only four out of eight Mediterranean species moderately increased their RMF under drought.
If a seedling keeps invariable the biomass allocated to needles and shortens the internodes' length in response to drought, it would result in an increased allocation to needles and a decreased allocation to stem as compared with the pattern the seedling would show under well watered conditions. This response matches the results found in this study and suggests lengthening or shortening the internodes might be the only potential adjustments that a phenotype previously developed under non-limiting water availability might make in response to drought. Although a reduced leaf area may increase plant growth when water is limiting as a mechanism that increases the water use efficiency (Richards and Townley-Smith, 1987) , such adjustment might not always be possible, in particular, if allocation to different compartments are submitted to developmental constraints. For Pinus pinaster, phenotypes preacclimated to non-limiting water availability might constrain their capability to modify biomass allocation in order to maximize whole plant carbon gain under an eventual drought.
It is noteworthy that the impact of drought on all the studied traits did not vary among populations or families between populations. This fact, when evaluated on whole plant performance (total dry mass), and together with the lack of interpopulation differences in total dry mass, denotes similar drought tolerance among populations. Moreover, when the impact is evaluated on morphological traits and allocation, it denotes similar phenotypic plasticity in response to drought at an intraspecific level. In agreement with interpopulation homogeneity in drought tolerance, Fernández et al. (2000) did not find differences among populations in gas exchange variables in seedlings of P. pinaster submitted to contrasting watering regimes. In contrast, intraspecific variation in physiological mechanisms involved in drought tolerance has been reported in three-years-old individuals of this species (Nguyen-Queyrens and Bouchet-Lannat, 2003) . However, intraspecific variation in physiological or morphological traits may not translate into intraspecific variation in whole plant performance in response to drought as found in this study. Therefore, when assessing plant responses to different water regimes, it is important that potential mechanisms involved in drought tolerance are contrasted jointly with whole plant performance variables (e.g. biomass accumulation at the whole plant level or survival) which as early indices of fitness, they provide estimates of drought tolerance at a specific ontogenetic stage or tree age.
The findings of this study explain patterns that have arisen in a particular experimental setting (seedlings, two levels of water availability, and ten populations of P. pinaster). Thus, generalizations should be made with caution. Further studies are needed to test whether these findings hold when other populations are evaluated and saplings or mature trees are studied instead of seedlings.
CONCLUSIONS
Interpopulation differences were found in morphology and biomass allocation of seedlings of P. pinaster. However, such differences did not translate into intraspecific differences in response to drought. Specifically, drought tolerance and phenotypic plasticity to water availability did not differ among populations. In agreement with these findings, altitude and not aridity was the climatic factor that better explained the regional variation observed in the studied traits.
